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Survival and Growth of Suckers in Mesocosms at Three 
Locations Within Upper Klamath Lake, Oregon, 2018

By Summer M. Burdick, Carla M. Conway, Carl O. Ostberg, Ryan J. Bart, and Diane G. Elliott

Executive Summary
Due to high mortality in the first year or two of life, 

Lost River (Deltistes luxatus sp.) and Shortnose suckers 
(Chasmistes brevirostris sp.) in Upper Klamath Lake, Oregon 
rarely reach maturity. In 2015, the U.S. Fish and Wildlife 
Service began the Sucker Assisted Rearing Program (SARP) 
to improve early life survival before releasing the fish back 
into Upper Klamath Lake. Survival and growth rates were 
compared for fish in mesocosms among three potential release 
or in-lake rearing sites, and in a pond at the SARP rear-
ing facility. Fish used in this study included a mix of Lost 
River, Shortnose, and Klamath largescale suckers reared at 
either U.S. Fish and Wildlife Service or Klamath Tribes fish 
rearing facilities. These sites were Shoalwater Bay (SWB), 
Rattlesnake Point (RPT), and Cove Point (CPT). Ninety-nine 
to 103 suckers tagged with passive integrated transponders 
(PIT) were placed into each mesocosm for up to 80 days and 
up to 103 days in the SARP pond. Cessation of movement, 
as determined by passive detection of tagged fish on remote 
antennas, indicated mortality. Dissolved-oxygen saturation, 
temperature, and pH were tracked hourly in each mesocosm. 
All the suckers placed into the SWB mesocosm died dur-
ing an extreme hypoxia event. These fish were replaced with 
another 120 PIT-tagged and 2 untagged hatchery-reared Lost 
River suckers from the Klamath Tribes Fish Research Facility 
(KTFRF), of which, all but two died during a second extreme 
hypoxia event. It was determined that SWB was an unsuitable 
site for summertime release or rearing of juvenile suckers in 
2018. The summer survival rate was ≥86 percent at CPT, RPT, 
and the SARP pond. Suckers in the SARP pond grew slightly 
slower and gained less weight relative to increases in length 
than suckers held at RPT and CPT. All suckers sampled at the 
start of the study from both the SARP facility and the KTFRF, 
when water temperatures averaged approximately 18–22 
degrees Celsius (°C), were infected with low levels of the 
gill parasite Ichthyobodo sp. Ichthyobodo sp. was detected on 
only 1 of 16 suckers sampled from CPT, RPT, and the SARP 
pond in late September or early October when water tem-
peratures were approximately 16–19 °C, indicating fish were 
able to shed the parasite in cooler temperatures. Water quality 

conditions at RPT and CPT were adequate for in-lake rearing 
of SARP suckers in 2018. Due to interannual differences in 
water quality conditions, these sites may not be suitable in all 
years. Future research focused on the suitability of RPT, CPT 
and other potential sites under in years with varying condi-
tions would be beneficial for improving sucker in-lake rearing 
practices. Additional research could help to elucidate how size 
at entry into the mesocosms affects sucker survival.

Background
Endangered Lost River sucker (Deltistes luxatus sp.) and 

Shortnose Sucker (Chasmistes brevirostris sp.) populations 
in Upper Klamath Lake are primarily comprised of senescing 
adults greater than 25 years of age. Extremely low recruit-
ment to the adult populations is the major bottleneck prevent-
ing recovery of these species (Burdick and Martin, 2017; 
Hewitt and others, 2018). A lack of survival in the juvenile life 
stage (rather than reproductive failure) prevents recruitment 
of suckers at around 4 to 7 years of age into adult spawning 
aggregations. Adult suckers on the other hand typically have 
high survival (Hewitt and others, 2018). Hypotheses about the 
causes of juvenile sucker mortality include habitat loss, para-
sites, pathogens, avian and fish predation, interactions with 
non-native species, toxic substances from cyanobacteria, or 
some combination of these factors. Mortality of juvenile suck-
ers in Upper Klamath Lake may also be related to water qual-
ity associated with massive blooms and subsequent death of 
the cyanobacterium Aphanizomenon flos-aquae (Eldridge and 
others, 2012). During periods of A. flos-aquae blooms, water 
temperatures average about 21 °C and pH can exceed 9.5. 
Oxygen saturations can decline during periods of A. flos-aquae 
death, but they rarely decrease below the lowest no-effect 
level for suckers at long-term monitoring stations throughout 
the lake (31.3 percent saturation; Meyer and Hansen, 2002; 
Burdick and others, 2020b). Total ammonia increases during 
A. flos-aquae death blooms, while pH declines and un-ionized 
ammonia remains below the lowest known effect levels of 
Lost River and Shortnose suckers (0.2 milligrams per liter 
[mg/L]; Lease and others, 2003).
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To offset juvenile sucker mortality and fulfill the captive 
propagation program measures outlined in the 2013 Biological 
Opinion, the U.S. Fish and Wildlife Service (USFWS) began 
to develop and implement the Sucker Assisted Rearing 
Program (SARP) for Lost River and Shortnose suckers in 
2015 (Day and others, 2017). This program involves captur-
ing larval suckers from the lower Williamson River, treating 
the fish with salt and formalin to reduce disease and parasites, 
and rearing the fish until they are ready for release into Upper 
Klamath Lake. The larvae captured and reared in this program 
are of mixed species groups and include Lost River, Shortnose 
and Klamath Largescale suckers. After raising suckers in off-
site ponds for 1 or 2 years, the USFWS releases juvenile suck-
ers into Upper Klamath Lake and its tributaries. The objectives 
of the SARP are to release 8,000–10,000 fish at 172 millimeter 
(mm) standard length (SL; 200 mm total length, TL) annually 
into Upper Klamath Lake (USFWS and NMFS, 2019).

Due to the slow growth of suckers and limited space at 
the rearing facility, USFWS began moving suckers to net pens 
near Rattlesnake Point (RPT) in Upper Klamath Lake in June 
of 2019. The location for these net pens was chosen based 
on the results of two previous mesocosm studies. In 2016, 
Hereford and others (2019) observed a gradient of increasing 
survival and growth of hatchery-reared juvenile Lost River 
suckers introduced at an average of 102.5±2.5 mm SL, among 
three sites within Upper Klamath Lake (Fish Banks West 
[FBW], Mid-North [MDN], and RPT; fig. 1). The mortality of 
hatchery-reared, juvenile Lost River suckers was 83 percent 
in 2017 compared to only 33 percent in 2016, and lower in 
both years at RPT than at FBW or MDN (Burdick and others, 
2020a). Other than water-quality data collected at four long-
term monitoring sites in the lake (fig. 1), there was no infor-
mation on how suckers might survive at other sites throughout 
Upper Klamath Lake.

The USFWS began releasing passive integrated tran-
sponder (PIT)-tagged and radio-tagged SARP-reared suckers 
into Upper Klamath Lake in 2017. Due to a very low number 
of reencounters of PIT-tagged fish and a technical problem 
with the radio tags, there is almost no information on how 
well SARP fish survived in the wild. Previous release loca-
tions were in the bays and tributaries in the north end of the 
lake. The three release locations evaluated in this study were 
chosen based on access to the water at boat ramps and proxim-
ity to wetlands. The proximity to wetlands was prioritized 

based on the perception that they would make high-quality 
rearing habitat that would increase survival (Cooperman and 
Markle 2004).

This study examined the survival of SARP-raised suck-
ers in mesocosms within Upper Klamath Lake to help inform 
decisions on net-pen rearing and fish release locations. This 
research also provided information on the survival of a mix 
of three species of SARP suckers within net pens in Upper 
Klamath Lake. While survival and growth information gained 
from mesocosm studies may not represent the full ranges of 
conditions experienced by fish released into the wild, meso-
cosms offer several convenient advantages for researchers. 
Mesocosms eliminate the risk of low recapture rates that are 
possible in studies that depend on capture or redetection of 
fish. Monitoring PIT-tagged suckers in mesocosms equipped 
with remote detection equipment and water-quality meters 
provides daily information on mortality that can be correlated 
with environmental conditions. The survival at specific loca-
tions can be directly assessed because fish are prevented from 
leaving the study area. Mesocosms allow access to mori-
bund fish so that causes of mortality can be determined with 
necropsy and histology. While the mesocosms were designed 
to best simulate conditions in the wild, mesocosms have the 
potential to alter fish behavior such as the ability to escape 
poor water quality, alter available prey, and artificially exclude 
predators.

Description of Study Area
Upper Klamath Lake is located within the sparsely 

populated Klamath River basin, in south-central Oregon. At 
approximately 305 square kilometers (km2) it is the largest 
freshwater lake in Oregon (NRC, 2004). The lake is nearly 
uniformly shallow, averaging only 2.6 m deep, except for a 
6.4–9.5 m deep trench that parallels the western shore. While 
most of the lake is devoid of vegetation, there are littoral 
wetlands along parts of the eastern, northern, and northwest 
shores. As a result of anthropogenic eutrophication, the phyto-
plankton community gradually shifted from being dominated 
by diatoms in the 1910s to the near monoculture of A. flos-
aquae that exists today (Bortleson and Fretwell, 1993). The 
bloom and subsequent death of A. flos-aquae drive water-
quality dynamics in the lake.
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Figure 1.  Map of Upper Klamath Lake, Oregon showing locations of three mesocosms and boat ramps nearest 
to these mesocosms. The locations of mesocosms in previous studies and long-term water-quality monitoring 
stations are also shown. Fish Banks West, FBW; Mid-North, MDN; Williamson River Mouth, WMR; Eagle Point, 
EPT; Shoalwater Bay; SWB; Rattlesnake Point, RPT; and Cove Point, CPT.
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Methods

Study Design

In this study single mesocosms were established at 
Shoalwater Bay (SWB), Cove Point (CPT), and RPT in Upper 
Klamath Lake, Oregon, in June of 2018 (fig. 1; table 1). At the 
time that these sites were selected, they were being consid-
ered for net pen rearing, SARP release locations, or both (E. 
Childress, oral commun., 2017, USFWS). SWB had a boat 
ramp that provided easy access and was used as a release site 
in April of 2017. There is a large wetland in Shoalwater Bay 
that USFWS predicted would provide good habitat and high 
survival. The RPT site was selected due to relatively good 
success rearing suckers in a mesocosm at this site in previous 
years (Hereford and others, 2019; Burdick and others, 2020a). 
RPT is offshore and not easily accessible from a boat ramp. 
CPT, which is near a private boat ramp, was selected for its 
proximity to RPT and easy access. CPT was also located close 
to Hanks Marsh, which USFWS predicted would provide 
good habitat for age-1 or age-2 SARP suckers, despite being 
poor habitat for larval and age-0 suckers (Anderson and oth-
ers, 2009).

The mesocosms were approximately 3 square meters (m2) 
enclosures that extended the depth of the entire water col-
umn. The enclosures were sitting on the bottom and allowed 
suckers access to prey in the benthos. The mesocosms were 
constructed of 0.62 centimeters squared (cm2) nylon net-
ting stretched across ridged polyvinyl chloride (PVC) pipe 
frames. Mammalian predation was prevented by wrapping 
vertical sides with 2.54 cm2 poultry wire. Bird predation was 
prevented by covering the top of the mesocosm with 2.5 cm2 
nylon bird netting. In each mesocosm, three antennas (1.2×0.6 
m) detected PIT-tagged sucker movements near the surface, 
at mid-water column, and on the bottom. The surface antenna 
floated and its vertical position declined over the study as 
the lake surface dropped. Two additional small (0.3×0.3 m) 
antennas were placed in opposite corners at the bottom of each 
mesocosm, to increase detection of benthic movements.

Fish detections were recorded with Biomark® MTS sys-
tems (master controller and IS1001™ nodes). Master control-
lers were programmed to record no more than one detection 
per unique tag per antenna every 10 minutes, unless the tag 
was detected at a second antenna. This prevented overloading 
the data capacity of the system. A tag detected at two or more 

Table 1.  Latitude, Longitude, and Range of Depths for three 
mesocosm sites in Upper Klamath Lake, Oregon.

  Site   Latitude   Longitude   Depth Range (m)

Shoalwater Bay 42.41419 -121.9614 2.2-2.9
Rattlesnake Point 42.34489 -121.8589 2.0-2.8
Cove Point 42.29750 -121.8411 1.2-2.0

antennas within 10 minutes would reset the record delay for 
that tag, which resulted in more frequent detection of fish that 
moved rapidly among antennas.

Two batches of suckers were tagged for this study. 
SARP-reared suckers were raised from wild-caught larvae col-
lected from the lower Williamson River in the spring of 2017. 
SARP suckers were initially reared in tanks and then moved 
to earthen ponds to grow. Lost River suckers were propagated 
from wild, shoreline spawning Lost River suckers captured 
from Upper Klamath Lake in 2015. The eggs were hatched 
at the Coleman Fish Hatchery (Anderson, California). These 
fish were transferred as larvae to the KTFRF in November of 
2015 (hereafter referred to as KTFRF suckers). Both groups of 
suckers were reared on a diet of Otohime (Reed Mariculture, 
Campbell, California) before being used in our study.

A mixed species group of suckers from the SARP and 
Lost River suckers from KTFRF were selected for tagging. 
A total of 411 age-1 or age-2 SARP suckers were tagged on 
June 28, 2018 (Trial 1) and 140 age-2 KTFRF suckers were 
tagged on July 26, 2018 (Trial 2). A total of 17 suckers tagged 
at KTFRF died within 11 days of tagging and one more died 
in transport to cages. SARP fish were weighed and measured 
just prior to tagging and KTFRF fish were measured but not 
weighed on July 31, 2018. SARP suckers were randomly 
assigned to each of three mesocosms and a control pond in 
order to achieve a similar size distribution among groups. 
SARP suckers averaged (± standard deviation [SD]) 106±11 
mm SL and 19±7 g, whereas KTFRF suckers averaged 
156±41 mm SL. Suckers were sedated with tricaine mesyl-
ate (MS-222) and PIT-tagged using Biomark® MK25 implant 
guns and 12 mm, 134.2 kHz, full duplex PIT tags in preloaded 
needles. Tags were implanted along the ventral surface in an 
anterior to posterior direction to keep the needle and tag away 
from sensitive organs such as the heart (Burdick, 2011). After 
tagging, suckers were monitored in indoor tanks daily for tag 
loss and mortality until they were ready to move to meso-
cosms or an outdoor SARP pond.

Suckers were transported in coolers equipped with 
aerators to three mesocosm sites. On July 9 103 (CPT), 100 
(RPT), and 99 (SWB) PIT-tagged suckers were introduced 
into each mesocosm and 100 were moved to a SARP pond 
to be used as a control group. After a total mortality event at 
the SWB site, the mesocosm was restocked with 122 KTFRF 
suckers on August 6, 2018. All KTFRF fish were checked for 
PIT tags several days prior to stocking, but 2 fish were never 
detected in the mesocosm and later accounted for as part of 
the untagged mortalities. This suggests these two fish lost tags 
prior to being placed into the mesocosm. To acclimate fish to 
lake conditions, lake water was slowly mixed with water in 
the coolers over a period of 45–60 minutes. To ensure that our 
assessment of survival was unbiased by potential transport-
related stress, suckers were allowed to acclimate to lake condi-
tions for 7 days before data collection on their activity began.
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Fish at the SARP facility were moved to an earthen 
lined pond after tagging. Ponds were protected from avian 
and mammalian predation with bird netting. Fish were fed a 
diet of Otohime S2 according to the protocols established by 
the USFWS fish care staff. Ponds did not have PIT antenna 
equipment to check for movement or mortality. Instead, ponds 
were checked five days per week for dead fish floating on 
the surface.

Mesocosms were checked for dead or moribund suckers 
Monday through Friday in July, August, and September and 
once per week in October 2018. Dead suckers and a mori-
bund sucker were removed from mesocosms, measured, and 
scanned for a PIT tag. Dead or moribund suckers were not 
replaced at CPT and RPT in order to prevent possible intro-
ductions of new parasites or disease.

The timing of mortality in mesocosms for each fish was 
inferred from a lack of movement determined by detections 
among antennas. The timing of collection of dead fish that 
retained their tags was used to corroborate death dates when 
possible. The single moribund sucker recovered during this 
study was assigned a death date on the day it was removed 
from the mesocosm. The precision with which the timing of 
death could be identified depended on the movement patterns 
at end-of-life. In some cases, the hour that a fish stopped mov-
ing could be determined and in others only the day of death 
could be determined. We presumed the cessation of movement 
indicated death, but in some cases the fish may have been 
moribund for some time before death.

Species Identification

Fish from the SARP facility consisted of an undetermined 
combination of Lost River, Shortnose, and Klamath largescale 
suckers (Catostomus snyderi). Due to budget constraints, the 
species of most (but not all) of the fish in our study were iden-
tified using genetics (Hoy and Ostberg, 2015). Suckers species 
in the SARP (n=95), CPT (n=85), and RPT (n=84) groups 
were identified. Suckers that died in the SWB mesocosm were 
not identified to species. Genetic samples from all other fish 
used in the study were archived for potential future analysis.

Genetic analyses were conducted on an approximately 
2 mm2 tissue sample collected from the upper caudal fin and 
then analyzed using methods described by Hoy and Ostberg 
(2015). A total of 18 nuclear DNA TaqMan® assays were used 
to differentiate the species based on single nucleotide poly-
morphisms (Hoy and Ostberg, 2015). Program STRUCTURE 
and two population clusters were used to calculate a posterior 
probability of taxon assignment. Two clusters, rather than 
three, were used because primers were not available to distin-
guish all three species at the time of our analysis. Our method 
allowed us to estimate a probability of a SARP sucker being 
a Lost River sucker. When categorization to the taxon level 
was appropriate for analysis, suckers were categorized with 
a probability of ≥0.95 of correct assignment as a Lost River 
sucker. Fish with a ≤0.05 probability of being a Lost River 

sucker were called Shortnose or Klamath largescale sucker 
(SNS-KLS). The term “intermediate prob[LRS]” was used for 
fish with probabilities of species assignment between 0.05 and 
0.95 (0.05≤ intermediate prob[LRS] ≤0.95).

Growth, Ichthyobodo Assessment, and Histology

To compare the growth, condition, and health between 
fish reared in the three mesocosms and SARP pond, surviving 
suckers were collected at the end of the study. Fish that sur-
vived to the study completion were collected from mesocosms 
on September 26 and 27, 2018 and fish from the SARP pond 
were harvested on October 3, 2018. Surviving suckers were 
weighed, measured, and inspected for external afflictions. The 
average daily changes in length, weight, and condition factor 
from tagging until study completion were compared. Fulton’s 
condition factor was calculated as K=(weight/SL3)×105 
(Ricker, 1975). Plots were created to show the daily change in 
each growth metric by the probability of being a Lost River 
sucker for all fish in the RPT and CPT mesocosms and in the 
SARP pond where genetic information was available. Growth 
was not assessed for the fish in the SWB mesocosm because 
the fish died early in the experiment.

To assess health and potential causes of mortality, juve-
nile suckers were sacrificed for histology and quantitative 
polymerase chain reaction (qPCR) analysis to determine the 
presence and intensity of Ichthyobodo sp. Ichthyobodo sp. was 
the focus in this study because Hereford and others (2019) 
previously noted high abundance of this parasite on moribund 
juvenile Lost River Suckers in mesocosms in Upper Klamath 
Lake. A subsample of fish weas sacrificed from the SARP rear-
ing facility and the KTFRF prior to introducing the remaining 
fish to the lake or control pond to obtain baseline information 
(table 2). Only one moribund fish was captured on July 12, 
2018 and sampled to get information on the cause of death. 
Fish were also collected at the end of the experiment from all 
three mesocosms and the control pond to determine the health 
and condition of survivors.

The fish were sacrificed by an overdose of MS222. A 
sample of gill tissue was collected and preserved in 95 percent 
ethanol for qPCR analysis. The fish were opened along the 
ventral surface. The color and condition of organs were noted 
as tissues were loosened and the intestine was sliced to facili-
tate penetration of the preservative. The fish were preserved 
in 10 percent phosphate buffered formalin and transferred to 
ethanol after 72 hours of preservation.

Samples of gill, liver, spleen, kidney, heart, pancreas and 
gastrointestinal tract were collected from formalin-preserved 
suckers for histopathological analysis. Skin and skeletal 
muscle also were dissected from fish with external lesions 
or parasites. All tissues were processed and embedded in 
paraffin according to conventional procedures, sectioned at 5 
microns and stained with Gill’s No. 3 hematoxylin and eosin 
(Thermo Scientific, Waltham, Massachusetts), according to 
the manufacturer’s instructions. The degree of host response, 
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Table 2.  Number of suckers sacrificed for quantitative polymerase chain reaction (qPCR) and histology.

[Number of suckers sacrificed (n), location, date in 2018, type of sample collected, and sample timing within the study are given. Fish were sacrificed from the 
Sucker Assisted Rearing Pond rearing facility (SARP), the Klamath Tribes Fish Research Facility (KTFRF), Cove Point mesocosm (CPT), Rattlesnake Point 
mesocosm (RPT), and the Shoalwater Bay mesocosm (SWB).]

Location Date(s) n Type of sample Sample timing

SARP June 28 10 qPCR Start of study
SARP June 29 1 Histology (moribund) Start of study
SARP July 9 5 Histology Start of study
KTFRF July 26 5 Histology and qPCR Start of study
RPT July 12 1 Histology and qPCR (moribund) Mid study
SWB September 28 2 Histology and qPCR End of study
CPT September 27 10 Histology and qPCR End of study
RPT September 26 10 Histology and qPCR End of study
SARP October 3 5 Histology and qPCR End of study

including distribution and severity of inflammation, fibro-
sis, and cell necrosis per 200 × microscope field, was scored 
using a four-point scale (0–3). Host response distribution was 
ranked as none, focal, multifocal, or diffuse, and severity was 
scored as none, mild, moderate, or severe. The amount of liver 
energy storage (as hepatocyte glycogen) was used as an index 
of relative nutritional status and was assessed by the presence 
and appearance of vacuoles in hepatocyte cytoplasm, and the 
staining characteristics of the cytoplasm. Periodic acid-Schiff 
(PAS) and PAS-diastase (Carson, 1997) were used to stain 
liver tissue and estimates of the amount of glycogen stored 
in the hepatocyte cytoplasm were rated as none, low or high. 
Parasites were identified and the degree of host response was 
assessed.

Gill tissue collected for qPCR was weighed prior to 
being assayed by qPCR. Extraction of DNA was completed 
using Qiagen DNeasy® Blood and Tissue Kits following the 
manufacturer’s protocol. DNA was stored at -20 °C prior to 
analysis. A subsample of extracted DNA was assayed for the 
gill parasite Ichthyobodo sp. by qPCR methods described by 
Isaksen and others (2012) using the ViiA™ 7 real-time PCR 
system (Thermo Fisher Scientific, Waltham, Massachusetts). 
The reactions contained 6 microliters (µL) of real-time PCR 
master mix (TaqMan® Gene Expression Master Mix; Life 
Technologies, Carlsbad, California), 900 nanomolar (nM) of 
each primer, 200 nM of the probe, and 5 µL of DNA template 
in a total reaction volume of 12 µL. Quantification of target 
DNA was achieved using a standard curve generated from a 
plasmid-based artificial positive control. The artificial positive 
control encodes the qPCR target amplicon plus an artificial tag 
sequence (Integrated DNA Technologies™, Coralville, Iowa). 
The amount of total DNA added to each qPCR reaction was 
normalized to 100 nanograms, and cycle threshold values were 
converted to copies of Ichthyobodo sp. DNA per milligram 
(mg) of tissue (Isaksen and others, 2012).

Water-Quality Measurements

Hourly water temperature, dissolved oxygen (DO) 
concentration, pH, and conductivity were recorded by a YSI® 
EXO sonde (YSI, Yellow Springs, Ohio) with an optical DO 
probe within each mesocosm. Sondes were deployed at mid-
water column depth on July 6 at SWB and July 16 at the other 
two mesocosms. Field sondes were retrieved, cleaned, and 
replaced regularly with a laboratory-calibrated replacement 
sondes according to U.S. Geological Survey protocol (Wagner 
and others, 2000). Sondes were retrieved from September 14 
to 17 at all three mesocosm sites. Temperature was recorded 
hourly at the bottom of the SARP pond. No other water-
quality data were collected from the SARP ponds.

The percent oxygen saturation was calculated from 
DO concentration and temperature data, using the Benson 
and Krause equations and by applying an altitude correction 
(Benson and Krause, 1980 and 1984; Rounds, 2011). Percent 
oxygen saturation was used in our models, because it is a 
more direct measure of oxygen availability for fish than DO 
concentration.

Results

Temperature, Oxygen Saturation, and pH

Mean daily water temperatures were similar among 
mesocosms and in the SARP pond for most of the study, but 
diel range in temperatures varied (fig. 2). Water temperature in 
the SARP pond had greater diel variation and was, on aver-
age, cooler during August and warmer in early September 
than in the mesocosms. Mean daily water temperatures were 
the warmest at all three mesocosms and in the SARP pond 
from July 16 to 31, 2018. Minimum temperatures during the 
second half of July were 21.2 °C in the mesocosms and 18.8 



Results    7

°C in the SARP pond. Maximum daily temperatures during 
July were similar among mesocosms and the SARP pond and 
averaged approximately 25 °C. Mesocosms and the SARP 
pond cooled by about 3 °C during the first few days of August 
and then warmed to an average of approximately 22 °C by 
August 10. This was followed by a cooling trend until the end 
of the season in all mesocosms when temperatures averaged 
approximately 15°C. The SARP pond generally cooled down 
until August 27 when mean daily temperature was approxi-
mately 17 °C. The SARP pond temperatures were upwardly 
adjusted by hatchery staff by increasing the input of geother-
mally heated water, beginning at the end of August to maintain 
a mean daily temperature of approximately 18 °C.

Mean daily oxygen saturation at CPT and RPT was 
around 100 percent for most of the study period with a few 
exceptions (fig. 3). The minimum percent oxygen saturation 
recorded at CPT was 42.9 percent, which is above the lowest 
no-effect threshold for juvenile Lost River or Shortnose suck-
ers of 31.3 percent (Meyer and Hansen, 2002; Burdick and 
others, 2020b). Oxygen saturation dropped to between 40 and 
53 percent at RPT on July 16 and 18 and on August 14. From 
0200 to 1100 on July 17 oxygen saturation ranged from 18.7 
to 31.1 percent at RPT and included 3 hours below 24-hour 
median lethal level for juvenile Lost River suckers (20.7 per-
cent; Saiki and others, 1999).

Figure 2.  Water temperatures in three mesocosms located at Cove Point (CPT), Rattlesnake Point 
(RPT), and Shoalwater Bay (SWB) in Upper Klamath Lake, Oregon, and in a Sucker Assisted Rearing 
Program (SARP) pond in 2018. Daily mean water temperatures are indicated by a dot and whiskers 
indicate daily minimum (min) and maximum (max) temperatures.
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Figure 3.  Percent oxygen saturation in the three mesocosms located at Cove Point (CPT), Rattlesnake Point (RPT), and Shoalwater 
Bay (SWB) in Upper Klamath Lake, Oregon, in 2018. Daily mean percent (%) oxygen saturations are indicated by a dot and whiskers 
indicate daily min and max percent oxygen saturation.
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In contrast to CPT and RPT, mean daily percent oxygen 
saturation at SWB only exceeded 100 percent on four days. 
Oxygen saturation was less than 31.1 percent for 187 total 
hours and less than 20.7 percent for 83 total hours over the 
study period. Oxygen saturation was also less than the acutely 
lethal level of 13.3 percent for a total of 52 hours at SWB. 
An extreme hypoxia event occurred on July 18, when oxygen 
saturation declined from 21.6 percent at 0400 to 2.9 percent at 
0700 (fig. 4). Oxygen saturation declined below 13.1 percent 
on August 10 for a total of three hours. The longest period of 
extreme hypoxia occurred at SWB on the night of August 11 
and 12, when oxygen saturation declined to less than 13.3 
percent for 11 consecutive hours (fig. 5). Two other extreme 
hypoxia events occurred on August 25 from 0200 to 1400 
and on August 26 from 0200 to 1000. Oxygen saturation was 
below 24.5 percent during these two events, with minimum 
oxygen saturation reaching 5.1 percent on August 25 and 3.5 
percent on August 26.

From July 15 to August 14, pH ranged from 8.7 to 10.0 at 
CPT and 8.4 to 9.8 at RPT, and daily mean pH was >9 at both 
sites (fig. 6). From July 15 to August 12, pH at SWB ranged 
from 8.0 to 9.8 and daily mean pH was ≥8.8. The pH declined 
at CPT from August 15 until the seasonal minimum mean 
daily pH of 8.3 was reached on August 18. The pH declined at 
RPT from August 15 until the seasonal minimum mean daily 
pH of 8.2 was reached on August 22. A period of lower pH 
occurred at SWB from August 24 to 26 when mean daily pH 
was around 7.8 (fig. 6).

Mortality

Most of the suckers in CPT, RPT, and the SARP pond 
survived to the end of the study (table 3), whereas all suckers 
introduced on July 9 to SWB died between 0400 and 0700 on 
July 18 during a low oxygen event. All but 6 of the 120 tagged 
KTFRF Lost River suckers, introduced to SWB on August 6, 
died between 1100 on August 10 and 0100 on August 14, 
when oxygen saturation was low (fig. 5). Most of these deaths 
occurred from 0800 to 1600 on August 12 when oxygen 
saturation was <13.1 percent. Three fish died at SWB during a 
3-hour period on August 10 when oxygen saturation was less 
than 13.1 percent for 3 consecutive hours. One fish died on 
August 17 and another fish died on September 11. Two large 
(>140 mm SL) Lost River suckers survived to the end of the 
study at SWB (fig. 7).

A total of 15 fish died at CPT: 8 died from July 10 to 
13, 3 died from August 13 to 15, and 4 died from August 30 
to September 4. A total of 9 fish died at RPT: 5 from July 11 
to July 14, and one each on August 11, September 6, 
September 11, and September 22. None of these deaths were 
obviously associated with extreme water-quality events. Fish 
that died were of a similar initial length as fish that survived 
in CPT and RPT (fig. 7). Approximately equal proportions of 
suckers in each taxon survived at CPT, RPT, and in the control 
group in the SARP pond (table 4).

Figure 4.  Percent (%) oxygen saturation recorded hourly at midwater column depth (open circles) and the number of hourly 
mortalities of PIT-tagged juvenile suckers (grey bars) in the Shoalwater Bay mesocosm, in Upper Klamath Lake, Oregon from 
July 17 to July 19, 2018.
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Figure 5.  Percent (%) oxygen saturation recorded hourly at midwater column depth (open circles) and the number of hourly 
mortalities of PIT-tagged juvenile suckers (grey bars) in the Shoalwater Bay mesocosm, in Upper Klamath Lake, Oregon from 
August 10 to August 13, 2018.

Growth

Between the tagging date (June 28, 2018) and the study 
termination dates (September 26–October 3, 2018; table 2), 
CPT and RPT fish grew slightly faster than control fish in 
the SARP pond. Control fish declined slightly in condition 
over the course of the study, while fish in the CPT and RPT 
mesocosms increased slightly in condition (fig. 8). Within the 
CPT and RPT mesocosms growth by length, but not weight, 
was positively associated with the probability of being Lost 
River suckers (fig. 8). Lost River sucker in the CPT and RPT 
mesocosms increased in length at an average (± SD) rate of 
0.65±0.11 mm SL per day and in weight at an average of 
0.79±0.17 grams (g) per day. SNS-KLS in the two mesocosms 
increased in length at an average rate of 0.52±0.07 mm SL and 
in weight at an average rate of 0.81±0.10 g/day. In contrast, 
both taxa in the SARP pond increased in length and weight at 
an average rate of 0.38±0.04 mm SL/day and 0.27±0.08 g/day, 
respectively.

Ichthyobodo Infection Intensity

All fish sampled at the beginning of the study from both 
SARP and the KTFRF had Ichthyobodo sp. as detected in gill 
tissue by qPCR. Ichthyobodo sp. infection intensity ranged 
from 24 to 94 copies per mg of tissue in SARP fish and 12 to 

35 copies of DNA per mg of tissue in the KTFRF fish. The 
only moribund fish sampled (collected from RPT on July 12) 
had the highest infection rate with 480 DNA copies per mg of 
tissue. Ichthyobodo sp. was not detected on the gills of the two 
fish that survived the study period at SWB or on any of the 10 
fish sampled from CPT at the end of the study. Ichthyobodo 
sp. was detected on one fish sampled at the end of the study 
from the RPT mesocosm; that fish had an infection intensity 
of 54 copies of DNA per mg. The parasite was not detected 
on the other three fish sampled from this site. Ichthyobodo sp. 
was detected on two of five SARP fish at the end of the study. 
The infection intensity on these fish was 14 and 20 copies of 
DNA per mg of tissue.

Histology

Histological abnormalities in the liver were absent in 
preseason sampling and were mostly minor in fish sampled at 
all site locations at the end of the season (table 5). Perivascular 
and peribiliary cuffing, characterized by inflammatory cell 
infiltration around blood vessels and bile ducts, was observed 
in 40 percent of fish collected from the SARP pond and 
30, 20, and 50 percent of fish sampled from CPT, RPT, and 
SWB mesocosms, respectively. The distribution and severity 
of cuffing ranged from focal and mild in fish sampled from 
SARP to focal or multifocal, and mild in fish sacrificed from 
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Figure 6.  pH in the three mesocosms located at Cove Point (CPT), Rattlesnake Point (RPT), and 
Shoalwater Bay (SWB) in Upper Klamath Lake, Oregon, in 2018. Daily mean pH values are indicated by 
a dot and whiskers indicate daily minimum and maximum pH.

the mesocosms. Focal and mild inflammation was present 
in the liver parenchyma of 40 percent of fish sampled from 
the SARP pond. Focal or multifocal, mild inflammation also 
occurred in the parenchyma of 30 and 50 percent of fish 
sacrificed from CPT and RPT, respectively. Inflammation of 
the liver parenchyma was multifocal and mild in both fish 
sacrificed from SWB.

Except for one of the two surviving SWB fish, all sur-
viving fish examined from each site at the end of the season 
showed flocculent hepatocellular cytoplasmic vacuolization, 
which is characteristic of glycogen presence (table 5). Each 
of these fish also showed high hepatocyte glycogen levels 
(table 5). The single SWB fish showing no hepatocellular 
cytoplasmic vacuolization also had low hepatocellular glyco-
gen levels. Vacuolization consistent with lipid storage was not 
observed in any fish.

Histological changes observed in the liver of the mori-
bund fish sampled at SARP included focal, mild peribiliary/
perivascular cuffing, no vacuolization, and no hepatic glyco-
gen. A large focus of red blood cells surrounded by autolyzed 
tissue (presumably liver) was also present in the liver of 
this fish.

Histological abnormalities in the hematopoietic kidney 
and spleen were only observed in apparently healthy fish 
collected from SARP (table 6). Focal, mild inflammation 
was present in the kidney and spleen of one fish sampled 
preseason. Kidney inflammation consisted primarily of 
lymphocyte infiltration into the tissue, whereas inflammation 
in the spleen was usually associated with pigmented macro-
phage aggregates. Multifocal, mild kidney inflammation was 
observed in another fish sacrificed from SARP at the end of 
the season.
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Figure 7.  Standard lengths (mm) of suckers at the time of tagging that survived or died in each of three mesocosms in Upper 
Klamath Lake, Oregon, in 2018. The location of the three mesocosm sites: Cove Point (CPT), Rattlesnake Point (RPT), and Shoalwater 
Bay (SWB), are shown in figure 1. White boxes show fish that survived. Grey boxes show fish that died. Red dots indicate lengths of 
the two fish that survived Trial 2 (July 26 start date) at SWB. All fish died in SWB Trial 1 (June 28 start date). Boxes indicate the 25th 
and 75th percentiles, lines show median values, and the whiskers indicate the maximum and minimum values.

Table 3.  Numbers of tagged and untagged fish, deaths, recovered bodies, and surviving fish introduced to each mesocosm and the 
Sucker Assisted Rearing Program (SARP) control pond.

[Mesocosm locations are shown in figure 1 and are as follows: Cove Point (CPT), Rattlesnake Point (RPT) Shoalwater Bay (SWB). Two separate introductions 
of fish into the SWB are indicated by the dates fish were added to the mesocosm.]

Category of Fish
Site

CPT RPT
SWB 

(July 9)
SWB 

(Aug. 6)
SARP Pond

Tagged fish introduced to mesocosm or pond 103 100 99 120 100
Tags never detected in the mesocosm or pond 3 5 1 2 NA

Deaths determined by remote detection 15 8 99 118 NA
Dead tagged fish recovered 14 8 96 115 0

Dead untagged fish recovered 0 0 2 2 0
Untagged fish recovered alive at end of study 4 4 0 0 0

Tagged fish surviving until end of the study 87 91 0 2 89
Proportion all fish surviving 0.86 0.90 0.00 0.02 0.89
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Table 4.  Numbers of suckers that were identified to species, in 
a pond at the Sucker Assisted Rearing Program (SARP) rearing 
facility and in mesocosms at Cove Point (CPT) and Rattlesnake 
Point (RPT).

[The numbers of fish that died are shown in parentheses. Suckers were identi-
fied using 18 single nucleotide polymorphisms. LRS, Lost River Sucker; 
prob[LRS], probability of species assignment as LRS; SNS-KLS, Shortnose 
or Klamath largescale sucker]

Pond or  
Mesocosm

LRS
Intermediate 

prob[LRS]
SNS-KLS

SARP 36 (6) 28 (1) 31 (2)
CPT 35 (6) 26 (5) 24 (3)
RPT 41 (5) 23 (1) 20 (2)

No histopathological abnormalities were observed in any 
other tissues examined in fish collected during the preseason 
or end of season from any site. The only parasites observed 
were adult digeneans in the gastrointestinal tracts of 30 
percent of fish sampled from CPT and 60 percent of fish from 
RPT at the end of the season. No host response was observed 
(data not shown).

Discussion

Extreme hypoxia is the most obvious explanation for 
the rapid mortality that occurred at SWB. On two occasions, 
nearly all suckers stopped moving within an hour of oxygen 
declining below 13.3 percent. Fewer suckers died at SWB on 
August 11 as oxygen saturation was both declining and less 
than about 30 percent saturation. Better survival of suckers 
in SWB on August 10 when oxygen saturation dipped below 
10 percent may have resulted from unmeasured water column 
stratification that created refuge near the surface. At the same 
time on August 10 at the nearby MDN water-quality monitor-
ing station, oxygen saturation was less than 10 percent 1 m off 
the bottom and supersaturated 1 m below the surface. If simi-
lar stratification occurred at SWB, our single sonde located at 
mid-water-column depth would not have detected it.

The slightly faster growth rates of both taxa of fish reared 
in CPT and RPT mesocosms, compared to the SARP pond, 
may have been due to differences in temperature fluctua-
tions, minimum temperatures, food quantity or quality, or a 
combination of these factors. The apparent slight decrease in 
condition in SARP fish was caused by faster increasing length 
than weight compared to fish held in CPT and RPT and did not 
necessarily indicate a decrease in fish health. Diel variation in 
water temperatures within the SARP pond was about 2.5–3.0 
°C and only about 1.0 to 1.5 °C at CPT and RPT. Greater 
diel fluctuations in water temperature around a similar mean 
temperature can result in slower growth of fish (Hokanson and 
others, 1977). Suckers in the mesocosms likely consumed a 
combination of invertebrates off the net and from the benthos 

whereas suckers in SARP ponds likely consumed naturally 
produced prey from the bottom of the earthen ponds and 
Otohime S2 food.

Histology indicated that suckers were healthy and there 
were no significant differences in tissue condition among 
suckers held at SARP or in the mesocosms. Autolyzed tissues 
in the liver of one fish and kidney of another fish were likely 
a result of poor fixation or tissue damage during sampling 
and were not an indication of fish health. Parasites found 
in CPT and RPT suckers were likely not a problem for the 
fish because they were not associated with host response or 
reduced glycogen storage. The minor increase in liver inflam-
mation between preseason and post season fish at CPT, RPT, 
and SARP may be a natural process. Similar inflammation was 
noted for wild-caught and mesocosm-held suckers collected 
from Clear Lake and Upper Klamath Lake in 2014 and 2016 
(Burdick and others, 2017; Hereford and others, 2019).

The differences in Ichthyobodo sp. prevalence and inten-
sity between the beginning and end of our study may relate to 
temperature differences. Ichthyobodo sp. intensities increase 
with temperatures above 22 °C (Martin and others, 2021). 
Temperatures at the rearing facilities, when preseason samples 
were taken, averaged about 22 °C at SARP and 18–19 °C at 
KTFRF. When fish were sampled at the end of the study, tem-
peratures were about 16 °C in the mesocosms and about 18–19 
°C at the SARP facility. The greatest load of Ichthyobodo sp. 
on a fish in our study was found on a moribund fish collected 
from RPT on August 10 when water temperatures averaged 
around 22 °C. The parasite load in this fish was lower than that 
observed to be associated with mortality of Lost River suckers 
in a laboratory study (Martin and others, 2021). Ichthyobodo 
sp. also were not observed by histological examination of gill 
tissue, indicating the parasite was not a primary factor lead-
ing to morbidity of this fish. While it appears that most fish 
had shed Ichthyobodo sp. infections by the time of the final 
sampling, it is unclear how prolific the parasite was during the 
middle of the study or how much this parasite contributed to 
mortality.

Although it appears that survival is very low for age-0 
suckers and high in most years for adult suckers in Upper 
Klamath Lake (Burdick and Martin, 2017; Hewitt and others, 
2018), the relationship between size and survival of older 
juvenile suckers is unclear. At the beginning of our study, 
the age-1 SARP reared suckers averaged (± standard error 
[SE]) 106.2±10.7 mm SL, whereas wild age-0 suckers in 
Upper Klamath Lake are typically 38-83 mm SL from July to 
September (Burdick and Martin, 2017). The 101-day summer 
survival proportion of age-1 Lost River suckers averaging (± 
SE) 81.9±7.4 mm SL in a mesocosm at RPT in 2017 was 0.35 
(Burdick and others, 2020a). The 109-d summer survival of 
age-1 Lost River suckers averaging (± SE) 102.9±8.7 mm SL 
in a mesocosm at RPT in 2016 was 0.88 (Hereford and others, 
2019). In this study, the 80-day summer survival of suckers 
from a combination of sucker taxa was 0.90. While survival 
was higher in the two years when larger fish were used, the 
effects of taxa, pre-study rearing practices, and interannual 
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Figure 8.  Daily change in length (millimeter standard length), weight (grams), and condition (micrograms per cubic millimeter) for 
SARP-reared suckers maintained in mesocosms at Rattlesnake Point (red), Cove Point (blue), and in a pond at the SARP rearing facility 
(orange triangles), plotted against the probability of being a Lost River sucker (Probability [LRS]). Probability [LRS] was calculated 
based on 18 single nucleotide polymorphisms. Low Probability [LRS] indicates a fish was more likely to be a Shortnose or Klamath 
largescale sucker, and a high Probability [LRS] indicates a fish was more likely to be a Lost River sucker.
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Table 6.  Number of fish positive by histopathological examination for inflammation of the kidney and spleen among suckers sampled 
from the Klamath Tribes Fish Research Facility, Sucker Assisted-Rearing Program control sites, and Upper Klamath Lake mesocosms 
during the summer and fall of 2018.

[n, number of fish examined; m, number of fish examined that were moribund when collected]

Location Sample dates n m
Kidney 

inflammation
Spleen 

inflammation

Klamath Tribes Fish Research Facility July 26 5 0 0 0
Sucker Assisted-Rearing Program June 29 1 11 0 0
 July 9 5 0 1 1
 October 3 5 0 1 0
Cove Point September 26 10 0 0 0
Rattlesnake Point July 12 1 1 0 0
 September 27 10 0 20 0
Shoalwater Bay September 28 2 0 0 0

1Fish were PIT-tagged on June 28. This fish was probably a tagging-related mortality.
2One kidney was severely autolyzed and no results were recorded.

differences in conditions, including water quality, cannot be 
ruled out as primary or contributing factors affecting sucker 
survival. Nevertheless, larger juvenile fish can have greater 
glycogen stores that may allow them to survive other stress-
ors better than smaller fish of the same species (Nilsson and 
Östlund-Nilsson, 2008).

This study was conducted to compare three in-lake loca-
tions and a SARP pond for releasing suckers, rearing suck-
ers, or both. In the single year that our study was conducted, 
SWB was found to be an unsuitable location to rear suckers. 
The mesocosms at RPT and CPT provided similar survival 
and slightly better growth than the SARP pond in 2018. These 
results only reflect the year in which this study was conducted 
and may not be true in other years. Two net pens located at 
RPT were stocked with 534 age-1 suckers averaging about 136 
mm SL (160 mm TL) and 480 age-2 suckers averaging about 
204 mm SL (237 mm TL) by the USFWS on June 25 and 
26, 2019 (Zachary Tiemann, oral commun., 2019, USFWS). 
These fish were from the same source as the fish used in our 
study and were of a mixed species composition. All but 10 of 
the age-2 fish in these net pens died prior to being harvested 
on October 16, 2019. The cause of death for these fish is 
unknown and poor water quality did not explain the death 
in the USFWS net pens (USGS, 2020). The primary causes 
of juvenile sucker mortality, best practices for in-lake rear-
ing, and best locations for releasing SARP suckers in Upper 
Klamath Lake are still unknown.
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